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Abstract 

Pure  hydrogen  may  be  supplied  directly  to  polymer  electrolyte  fuel  cell  (PEFC)  through  the  decomposition  of  water  by  reduced  iron 
oxide  at  low  temperatures  <573  K.  Effects  of  various  metal  additives  in  the  reduced  iron  oxide  on  the  production  of  hydrogen  from 
water  have  been  examined  at  a  temperature  range  373-873  K.  The  decomposition  of  water  is  caused  by  the  oxidation  of  iron  with  water 
(3Fe  +  4H2O  — >  Fe3C>4  +  4H2).  Among  26  metal  elements  examined  as  additives,  Al,  Mo  and  Ce  were  favorable  ones  for  preserving 
the  Fe/Fe304  sample  from  decaying  its  reactivity  by  repeated  cycles.  The  decomposition  of  water  was  most  repetitive  for  the  reduced  iron 
oxide  added  with  Mo.  The  addition  of  Rh  or  Ir  enhanced  the  rate  of  H20  decomposition  remarkably  at  <573  K.  However,  these  noble 
metals  could  not  suppress  the  sintering  of  the  host  iron  or  iron  oxide.  Co-addition  of  Rh  and  Mo,  Zr,  Al  or  Ga  to  the  reduced  iron  oxide 
accelerated  remarkably  the  decomposition  of  water  at  473  K.  It  is  suggested  that  Rh  metal  would  catalyze  the  dissociation  of  H2O  at  low 
temperature  while  the  compound  oxides  formed  between  iron  and  additives  mitigate  the  coagulation  of  iron  and  iron  oxide  particles  during 
repeated  reaction  cycles. 
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1.  Introduction 

Hydrogen  fuel  cells  are  environmentally  benign  and 
highly  efficient  electrochemical  systems  converting  the 
chemical  energy  of  hydrogen  directly  into  electricity.  There¬ 
fore,  the  use  of  hydrogen  in  fuel  cell  vehicles  and  stationary 
fuel  cell  equipments  is  expected  to  increase  dramatically  in 
the  near  future.  However,  for  a  widespread  use  of  hydrogen 
for  fuel  cells,  well-ordered  infrastructures  will  be  required 
to  transport  and  distribute  hydrogen  as  well  as  to  store  it 
to  match  time  and  space  between  the  production  and  end 
use.  One  of  the  major  obstacles  to  the  use  of  hydrogen  as 
energy  carrier  is  the  lack  of  safe,  efficient  and  low  cost  stor¬ 
age  systems  suitable  for  the  various  stationary  and  mobile 
applications. 

Various  methods  are  currently  proposed  and  being  devel¬ 
oped  for  the  direct  or  indirect  storage  of  hydrogen.  Hydrogen 
can  be  stored  physically  by  changing  its  phase  depending 
on  temperature  and  pressure,  or  chemically  in  various  solid 
and  liquid  compounds  such  as  metal  hydrides,  hydrogen  ab¬ 
sorbing  alloys,  carbon  nanotubes,  boron  hydrides  and  hy¬ 
drocarbons.  The  choice  of  hydrogen  storage  system  should 
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be  determined  by  taking  into  account  various  criteria  at  the 
present  stage  of  related  technologies.  The  criteria  would  be 
based  on  the  transport  and  distribution  infrastructure,  han¬ 
dling  safety,  cycle  life,  safety  in  use,  environmental  impact 
of  the  storage  material,  and  on  the  economics.  The  storage  of 
hydrogen  on  polymer  electrolyte  fuel  cell  (PEFC)  vehicles, 
one  of  the  most  challenging  and  competitive  technology,  re¬ 
quires  high  hydrogen  density,  nontoxic,  safe  handling,  no 
explosion  at  car  collision,  short  refueling  time  and  low  cost. 

On  the  bases  of  these  backgrounds,  we  have  proposed  a 
simple,  safe  and  environmentally  benign  technology  for  the 
storage,  transport  and  supply  of  hydrogen  to  PEFC  vehicles 
[1].  The  technology  is  based  on  a  very  simple  redox  reaction 
of  magnetite  (Eq.  (1)). 

Fe304  +  4H2 ++ 3Fe  +  4H20  (1) 

The  principle  of  the  technology  is  analogous  to  the  old  steam 
iron  process  which  was  extensively  studied  by  the  group 
of  Institute  of  Gas  Technology  [2,3]  for  the  production  of 
hydrogen  rich  fuel  gas  at  high  temperatures  >800  °C  and 
pressures  >70  bar  by  using  a  gas  mixture  of  CO,  C02  and 
H2  from  coal  and  biomass  for  the  reduction  of  iron  ores. 

Our  technology  stands  on  the  premise  that  hydrogen  can 
be  provided  cheaply  from  natural  gas,  LPG  or  gasoline  by 
steam  reforming,  partial  oxidation  or  by  direct  cracking  at 
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suburban  industries  and  at  residential  gas  stations.  Fe3C>4 
must  first  be  reduced  with  hydrogen  (Eq.  (2))  at  suburban 
H2  production  plants  or  at  residential  gas  stations. 

Step  1:  chemical  Eh  storage. 

Fe304  +  4H2  3Fe  +  4H20  (2) 

Then,  the  reduced  iron  oxide  (mainly  Fe)  is  packed  in  cas¬ 
settes.  The  cassettes  will  be  transported  to  the  gas  stations 
and  be  mounted  on  PEFC  vehicles.  Addition  of  water  into 
the  cassettes  would  produce  pure  hydrogen  and  regenerate 
Fe304  according  to  Eq.  (3).  The  hydrogen  could  be  supplied 
directly  to  the  PEFC  on  the  vehicles  without  any  purification 
treatment  for  CO. 

Step  2:  H2  recovery. 

3Fe  +  4H20  Fe304  +  4H2  (3) 

The  cassettes  with  Fe304  after  water  decomposition  are  to 
be  exchanged  for  the  new  ones  packed  with  Fe  at  residen¬ 
tial  gas  stations  or  service  stations.  The  used  Fe304  should 
be  recycled  many  times.  According  to  Eq.  (3),  the  theoreti¬ 
cal  amount  of  hydrogen  being  chemically  stored  is  4.8  wt.% 
of  Fe.  This  corresponds  to  4.2  kl  (STP)  hydrogen  to  be  pro¬ 
duced  per  1  liter  of  Fe,  assuming  neither  porosity  nor  pore 
structures  in  Fe.  The  storage  capacity  of  hydrogen  is  rela¬ 
tively  high  compared  to  the  hydrogen  absorbing  alloys  eas¬ 
ily  obtained.  The  iron  and  iron  oxide  are  nontoxic  and  quite 
cheap  materials.  These  materials  are  stable  under  open  air  at 
room  temperature,  thus  easy  to  be  handled.  Moreover,  since 
the  fuel  is  just  water,  there  is  no  danger  of  explosion  when 
the  vehicles  collide. 

However,  in  order  to  apply  the  idea  described  above,  the 
reduction-reoxidation  kinetics  and  cycle  life  of  the  iron  ox¬ 
ide  have  to  be  improved  dramatically  because  the  iron  metal 
powders  on  the  market  are  usually  inactive  for  the  produc¬ 
tion  of  hydrogen  at  <900  K  due  to  their  small  surface  area. 
Moreover,  if  we  can  get  high  surface  area  material,  the  de¬ 
crease  in  the  rates  of  reduction  (Step  1)  and  reoxidation  (Step 
2)  due  to  the  sintering  of  Fe  and  Fe304  powders  or  pellets 
by  repeated  redox  cycles  cannot  usually  be  avoided  at  tem¬ 
peratures  >800  K.  Under  these  circumstances,  we  explored  a 
suitable  preparation  method  of  iron  oxide  and  looked  for  fa¬ 
vorable  metal  additives  to  the  iron  oxide  enhancing  the  rates 
of  redox  of  the  oxide  (Eqs.  (1)  and  (2))  at  low  temperatures 
<673 K  [4].  The  iron  oxides  (initial  state  Fe203)  prepared 
by  co-precipitation  of  Fe(OH)3  and  foreign  metal  additives 
such  as  Al3+,  Cr3+,  Zr4+,  Ga3+  and  V5+  by  using  urea  from 
their  aqueous  solutions  showed  high  BET  surface  area  and 
high  resistance  against  sintering  after  several  repeated  cy¬ 
cles.  The  additives  enhanced  both  the  rate  of  reduction  (Step 
1)  and  that  of  reoxidation  (Step  2)  at  603  and  653  K,  respec¬ 
tively.  However,  the  redox  performances  of  the  iron  oxides 
with  and  without  additives  were  not  examined  at  wide  range 
of  temperature.  Moreover,  the  effect  of  addition  of  precious 
metals  and  the  synergistic  effect  of  different  metal  additives 
have  not  been  studied  yet.  Since  the  production  of  hydrogen 
(  represents  decomposition  of  water)  on  board  requires  the 


operational  temperature  as  low  as  possible,  one  of  the  pur¬ 
poses  of  this  work  is  to  examine  the  decomposition  of  water 
at  473  K.  The  role  of  additives  will  also  be  discussed. 


2.  Experimental 

The  iron  oxide  samples  used  in  this  work  were  pre¬ 
pared  by  precipitation  of  Fe(OH)3  from  aqueous  solution 
of  Fe(N03)3  and  urea  at  363  K  (urea  method).  The  pre¬ 
cipitate  Fe(OH)3  was  dried  at  353  K  for  24  h  and  calcined 
in  air  at  573  K  for  5h  followed  by  further  calcination  at 
773  K  for  10  h.  After  these  treatments,  the  state  of  iron 
oxide  was  Fe203.  The  iron  oxide  prepared  by  the  urea 
method  showed  homogeneous  fine  grains  (20-30  nm)  and 
relatively  high  specific  surface  area  (20  m2  g-1).  The  Fe203 
samples  with  foreign  metal  additives  (M)  were  prepared 
by  the  same  procedure  by  co-precipitation  of  Fe(OH)3  and 
the  hydroxides  of  foreign  metal  from  their  aqueous  so¬ 
lutions.  Usually,  the  nitrates  of  the  metal  additives  were 
used  as  the  starting  materials.  For  addition  of  precious 
metals,  their  chlorides  were  used.  For  addition  of  Ti,  V, 
Zr,  Mo,  Nb  and  W,  (NH4)2Ti0(C204)2-2H20,  NH4V03, 
ZrCl20-8H20,  (NH4)6Mo70244H20,  niobium  oxalate  and 
(N,H4)ioWI204i -5H20  were  used  as  their  salts,  respectively. 
The  amounts  of  added  metal  cations  (M)  were  adjusted  to 
be  3  mol%  of  total  metal  cations  (M/(Fe  +  M)  =  0.03). 

The  apparatus  used  for  the  reduction  and  reoxidation  of 
the  iron  oxide  samples  was  a  conventional  gas  flow  system 
with  a  fixed  bed  of  the  samples  at  the  center  of  a  quartz-made 
tubular  reactor  (inner  diameter  8  mm).  The  total  pressure 
of  the  gas  mixture  passing  through  the  fixed  bed  of  iron 
oxides  was  always  101  kPa.  The  temperature  of  the  bed  was 
monitored  with  a  thermocouple  touched  to  the  outside  wall 
of  the  reactor  at  the  position  of  the  iron  oxide  bed.  The 
temperature  of  the  iron  oxide  samples  was  controlled  by 
an  infrared  radiation  furnace  (ULVAC,  Gold  Image  Furnace 
RH-L). 

The  amount  of  iron  oxide  samples  (powder)  mounted  at 
the  bed  was  always  adjusted  to  be  0.200  g  as  Fe  or  0.286  g  as 
Fe203.  Thus,  the  total  weight  of  the  sample  with  additives 
was  greater  than  0.286  g  because  of  the  presence  of  additive 
metal  oxides.  The  initial  state  of  the  additive  oxide  in  the 
sample  was  assumed  to  be  their  most  stable  one  at  773  K  in 
air  such  as  A1203,  Ti02,  V203,  Cr203,  NiO,  CuO,  Ga203, 
Zr02,  Nb205,  Mo03,  Ru,  Rh,  PdO,  AgO,  Ce02,  Ta203, 
W03,  Re  and  Pt. 

The  reduction  of  the  iron  oxide  samples  by  hydrogen  (Step 
1)  was  performed  with  increasing  the  temperature  of  the 
bed  linearly  to  the  time  on  stream  of  50:50  gas  mixtures  of 
hydrogen  and  argon.  The  total  flow  rate  of  the  gas  mixture 
was  100  ml  (STP)  min- 1 .  The  temperature  of  the  sample  bed 
was  changed  from  563  to  823  K  by  a  rate  of  7.5Kmin-1. 
After  the  temperature  reached  to  823  K,  this  temperature 
was  maintained  until  the  consumption  of  hydrogen  was  no 
longer  be  detected. 
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The  reoxidation  of  the  reduced  samples  by  water  vapor 
(Step  2,  hydrogen  recovery)  was  followed  continuously  after 
Step  1 .  Before  the  reoxidation,  the  hydrogen  remained  in  the 
line  had  been  purged  off  by  argon  flow  while  the  temperature 
of  the  bed  was  cooled  down  to  room  temperature.  Then, 
water  vapor  (5  kf  a)  was  co-fed  with  Ar  (96kPa)  with  total 
flow  rate  of  100  ml  (STP)  min-1.  The  reoxidation  of  the 
reduced  sample  was  started  by  increasing  the  temperature 
of  the  bed  from  373  to  873  K  with  a  rate  of  temperature 
rise  of  4Kmin_l.  After  reached  to  873  K,  the  temperature 
was  kept  at  this  temperature  until  no  hydrogen  formation 
was  detected.  The  experimental  procedures  for  Steps  1  and 
2  described  above  are  called  as  the  standard  experimental 
conditions,  hereafter. 

The  specific  surface  areas  of  the  samples  were  measured 
by  the  adsorption  of  N2  at  liquid  N2  temperature  (BET 
method)  by  a  surface  area  analyzer  (Coulter  S A  3 100).  X-ray 
diffraction  (XRD)  analysis  of  the  samples  was  performed 
by  a  Rigaku  RINT  2500V  diffractometer  using  Cu  Ka 
radiation. 


3.  Results  and  discussion 

3.1.  Reduction  and  reoxidation  of  the  iron  oxide  without 
additives 

The  reduction  and  reoxidation  features  of  the  iron  oxide 
without  additives  (denoted  as  Fe-oxide  (none))  have  been 
studied  as  the  reference  standards  for  the  comparison  with 
those  of  the  samples  with  foreign  metal  additives. 
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Fig.  2.  Reoxidation  of  the  reduced  Fe-oxide  (none)  for  five  repeated  cycles:  formation  rate  of  Hi  in  Step  2  vs.  time  on  stream  of  H2O  (or  reduction 
temperature).  Repeated  cycles:  (•)  first;  (O)  second;  (□)  third;  (H)  fourth;  (A)  fifth. 


Temperature  /  K 


Fig.  1 .  Reduction  of  Fe-oxide  (none)  for  five  repeated  cycles:  consumption 
rate  of  Hi  in  Step  1  vs.  time  on  stream  of  Hi  (or  reduction  temperature). 
Experiment  cycles:  (•)  first;  (O)  second;  (□)  third;  (H)  fourth;  (A)  fifth. 


The  reduction  (Step  1)  and  reoxidation  (Step  2)  of 
Fe-oxide  (none)  were  repeated  for  five  cycles.  The  results 
for  Steps  1  and  2  are  indicated  in  Figs.  1  and  2,  respectively. 
The  consumption  rates  of  hydrogen  in  Step  1  are  plotted 
with  time  on  stream  for  each  reduction  cycle  in  Fig.  1. 
The  temperature  of  Fe-oxide  bed  at  each  time  on  stream 
is  indicated  in  the  upper  horizontal  axis  in  Fig.  1.  The 
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consumption  of  hydrogen  could  be  ascribed  wholly  to  the 
reduction  of  Fe-oxide  (none).  The  rapid  consumption  of  hy¬ 
drogen  observed  at  early  time  on  stream  (or  at  low  temper¬ 
atures  <650  K)  for  the  first  reduction  was  due  to  an  easy 
reduction  of  Fe2C>3  into  Fe3C>4  (Eq.  (4)). 

3Fe2C>3  +  FF  — >  2Fe304  +  FFO  (4) 

The  subsequent  reduction  could  be  ascribed  to  the  reduction 
of  Fe3C>4  into  Fe  (Eq.  (2)).  Since  the  reoxidation  of  Fe  with 
FEO  (Eq.  (3))  never  generates  Fe2C>3,  the  rapid  reduction 
of  the  sample  by  Eq.  (4)  did  not  occur  from  second  cycle. 
The  reduction  of  Fe-oxide  (none)  terminated  almost  at  the 
same  time  (72  min)  for  all  the  cycles  at  823  K.  The  rates  of 
hydrogen  formation  in  Step  2  for  five  repeated  cycles  are 
plotted  in  Fig.  2  as  functions  of  time  on  stream.  The  increase 
in  temperature  with  time  on  stream  was  also  indicated  in 
the  upper  horizontal  axis.  As  can  be  seen  in  Fig.  2,  the  rate 
of  formation  of  hydrogen  decreased  remarkably  for  second 
reoxidation,  probably  due  to  the  sintering  of  Fe  and  Fe3C>4 
particles  during  the  repeated  redox  cycles.  However,  the  ki¬ 
netic  curves  did  not  differ  much  for  third  to  fifth  reoxidation 
experiments. 

The  integrated  amounts  of  hydrogen  consumed  in  Step 
1  for  each  cycle  were  evaluated  from  the  areas  below  the 
curves  in  Fig.  1 .  Open  bars  in  Fig.  3  indicate  the  values  for 
each  cycle.  The  values  were  normalized  per  gram  of  Fe  of 
the  sample.  As  described  earlier,  and  will  be  indicated  later, 
the  initial  state  of  fresh  Fe-oxide  (none)  was  Fe203.  There¬ 
fore,  the  amount  of  oxygen  for  the  fresh  Fe-oxide  (none)  was 
26.9  mmol  g_1  of  Fe.  It  should  be  noted  that  the  amount  of 
oxygen  atoms  in  Fe304  was  23.9  mmol  g-1  Fe.  The  amounts 
of  hydrogen  consumed  in  Step  1  were  10-20%  less  than 
these  values.  The  amounts  of  hydrogen  consumed  did  not 
change  from  second  to  fifth  reduction  cycle  within  experi¬ 
mental  error.  The  integrated  amounts  of  hydrogen  produced 
during  the  reoxidation  of  the  reduced  Fe-oxide  (none)  in 
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Fig.  3.  Amount  of  H2  consumed  in  Step  1  and  that  of  produced  in  Step  2 
for  repeated  redox  cycles:  (□)  FI2  consumed  in  Step  1;  (l>  Hi  produced 
in  Step  2. 


Step  2  were  evaluated  from  the  kinetic  curves  in  Fig.  2. 
The  amounts  of  hydrogen  produced  are  also  indicated  in 
Fig.  3  by  black  bars  for  each  reoxidation  cycle.  Almost  same 
amount  of  hydrogen  was  produced  repeatedly.  The  weight 
percent  of  hydrogen  produced  in  the  reoxidation  step  was 
calculated  to  be  ca.  3.8  wt.%  per  Fe.  The  lower  value  than 
theoretical  (4.8  wt.%)  must  be  due  either  to  incomplete  re¬ 
duction  of  the  Fe-oxide  (none)  into  Fe  in  Step  1  or  to  incom¬ 
plete  reoxidation  of  Fe  to  Fe3C>4  at  the  preceding  reoxidation 
(Step  2). 

3.2.  Effects  of  foreign  metal  additives  on 
the  rate  of  reoxidation 

For  the  supply  of  hydrogen  to  PEFC  on  board,  the  tem¬ 
perature  necessary  to  run  the  reoxidation  of  the  reduced 
oxide  with  water  should  be  as  low  as  possible,  lower  than 
573  K,  if  possible.  Therefore,  in  order  to  accelerate  the  rate 
of  reoxidation  of  the  reduced  Fe-oxide  samples  at  lower 
temperatures,  the  effects  of  various  foreign  metal  additives 
have  been  investigated.  The  metal  elements  examined  in 
this  work  were  26  kinds,  i.e.  from  the  small  atomic  number 
in  the  periodic  table.  Mg,  Al,  Ca,  Sc,  Ti,  V,  Cr,  Mn,  Co,  Ni, 
Cu,  Zn,  Ga,  Y,  Zr,  Nb,  Mo,  Ru,  Rh,  Pd,  Ag,  Ce,  W,  Re,  Ir 
and  Pt.  The  Fe-oxide  sample  added  with  metal  element  M 
is  denoted  as  Fe-oxide  (M)  hereafter.  Because  the  effects 
of  the  elements  could  not  be  categorized  on  the  bases  of 
the  groups  or  series  in  the  periodic  table,  we  would  arrange 
them  into  three  groups  on  the  basis  of  their  peculiar  effects 
on  the  reoxidation  performance  of  Fe-oxide  samples.  The 
characteristic  effects  categorized  are  (1)  the  elements  to  be 
able  to  endow  the  resistance  to  the  sample  against  the  de¬ 
activation  associated  with  repeated  redox  cycles,  (2)  those 
to  worsen  the  reoxidation  performance  from  the  first  cycle, 
and  (3)  those  to  enhance  the  rate  of  reoxidation  at  the  first 
cycle  but  unable  to  prevent  the  deactivation  after  that.  It  is 
reasonable  to  expect  that  the  additives  would  also  affect  the 
rate  of  reduction  in  Step  1.  In  fact,  the  kinetic  curves  for 
the  first  reduction  showed  quite  complicated  shapes  with 
two  maximum  rates  during  the  reduction  for  the  Fe-oxide 
samples  added  with  some  foreign  metal  elements.  However, 
we  focused  our  attention  to  the  effects  of  the  additives  on 
the  reoxidation  of  the  reduced  samples  in  Step  2.  The  re¬ 
duction  of  the  Fe-oxides  with  additives  for  each  cycle  was 
performed  under  a  flow  of  hydrogen  (5 1  kPa)  at  823  K  usu¬ 
ally  in  80-120  min  until  no  hydrogen  consumption  could 
be  detected.  Therefore,  the  kinetic  curves  in  Step  1  for  the 
Fe-oxides  with  additives  will  not  be  shown  hereafter. 

3.2.1.  The  elements  able  to  stabilize  the  deactivation  of 
Fe-oxide  with  repeated  cycles  (Al,  Sc,  Ti,  V,  Cr,  Y,  Zr, 

Mo  and  Ce) 

The  elements  such  as  Al,  Sc,  Ti,  V,  Cr,  Y,  Zr,  Mo  and  Ce 
belonged  to  this  group.  Among  these  elements,  Al,  Mo  and 
Ce  were  the  three  most  favorable  ones  for  preserving  the 
Fe-oxide  from  decaying  its  activity  by  repeated  cycles. 
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Fig.  4.  Effects  of  additives  (Al,  Mo,  Ce)  on  the  formation  rate  of  FF  in  Step  2:  formation  rate  of  FF  vs.  temperature  for  five  repeated  cycles,  (a), 
Fe-oxide  (Al);  (b),  Fe-oxide  (Mo);  (c),  Fe-oxide  (Ce).  Repeated  cycles:  (•)  first;  (O)  second;  (□)  third;  (■)  fourth;  (A)  fifth. 


The  results  for  the  samples  with  Al,  Mo  and  Ce  in  Step 
2  are  indicated  in  Fig.  4(a)-(c),  respectively.  The  forma¬ 
tion  rates  of  hydrogen  per  gram  Fe  in  the  samples  were 
plotted  against  temperature  for  repeated  five  cycles.  As 
described  earlier,  the  temperature  was  increased  linearly 
from  373  to  873  K  with  time  on  stream  of  the  gas  mixture 
(FFiAr  =  50:50).  If  one  compares  the  kinetic  curves  for  the 
first  reoxidation  in  Figs.  2  and  4(a),  it  is  obvious  that  the 
rate  of  hydrogen  formation  was  enhanced  by  the  addition 
of  Al.  The  relative  acceleration  of  the  reaction  was  more 
obvious  for  the  data  from  second  cycle.  The  reoxidation 
of  the  reduced  Fe-oxide  (none)  from  second  to  fifth  cycle 
in  Fig.  2  never  terminated  in  125  min  before  the  tempera¬ 
ture  reached  to  873  K.  However,  the  reoxidation  completed 
within  125  min  at  <873  K  for  all  the  samples  in  Fig.  4  at 
least  for  five  repeated  cycles. 

The  formation  rate  of  hydrogen  showed  the  maximum 
at  a  temperature  range  650-700  K  for  all  the  samples  in 


Fig.  4.  The  second  maximum  appeared  at  750-800  K  from 
the  second,  fourth  and  third  cycle  for  the  Fe-oxide  (Al), 
Fe-oxide  (Mo)  and  Fe-oxide  (Ce),  respectively.  The  rate  at 
the  first  maximum  decreased,  and,  in  contrast,  that  at  the 
second  maximum  increased  with  repeated  cycles. 

The  integrated  amounts  of  hydrogen  calculated  from  the 
areas  below  the  curves  in  Fig.  4  are  plotted  with  the  num¬ 
ber  of  repeated  cycles  in  Fig.  5.  The  amounts  of  hydrogen 
produced  until  the  temperature  reached  to  873  K  at  125  min 
time  on  stream  for  Fe-oxide  (none)  in  Fig.  2  were  also  cal¬ 
culated  and  plotted  in  Fig.  5.  The  amount  of  produced  hy¬ 
drogen  decreased  markedly  from  first  to  third  cycle  for  the 
sample  without  additives.  In  contrast  with  this,  the  amount 
of  the  produced  hydrogen  did  not  change  within  experimen¬ 
tal  error  for  Fe-oxide  (Al)  and  Fe-oxide  (Mo).  The  amount 
of  hydrogen  increased  with  the  cycles  for  Fe-oxide  (Ce).  The 
weight  percent  of  the  hydrogen  produced  per  Fe  in  the  sam¬ 
ples  at  the  fifth  reoxidation  were  3.7,  3.4,  3.3  and  2.2%  for 
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Fig.  5.  Total  amount  of  I  h  produced  in  Step  2  for  Fe-oxide  (none), 
Fe-oxide  (Al).  Fe-oxide  (Mo)  and  Fe-oxide  (Ce)  at  each  reaction  cycle: 
(•)  Fe-oxide  (none);  (O)  Fe-oxide  (Al);  (A)  Fe-oxide  (Mo);  (A)  Fe-oxide 
(Ce). 

Fe-oxide  (Ce),  Fe-oxide  (Al),  Fe-oxide  (Mo)  and  Fe-oxide 
(none). 

The  reoxidation  performance  for  Fe-oxide  (Zr),  Fe-oxide 
(Sc)  and  Fe-oxide  (Cr)  are  shown  in  Fig.  6.  The  kinetic 
curve  of  the  first  reoxidation  for  Fe-oxide  (Zr)  (Fig.  6(a)) 
indicated  the  maximum  rate  of  H?  formation  at  640  K.  Af¬ 
ter  the  first  redox  cycle,  this  first  maximum  rate  decreased 
sharply,  and  the  second  one  at  ca.  800  K  increased  corre¬ 
spondingly.  The  similar  change  in  the  kinetic  curves  was 
observed  for  Fe-oxide  (Sc)  in  Fig.  6(b).  The  change  was 
dramatic  for  the  second  and  third  reoxidation.  The  kinetic 
curves  for  Fe-oxide  (Cr)  in  Fig.  6(c)  did  not  show  a  clear 
peak  of  the  rate  of  Fh  formation  at  <700  K.  The  rate  for 
each  cycle  showed  the  maximum  at  750-800  K. 

The  reoxidation  of  the  reduced  Fe-oxide  (Ti),  Fe-oxide 
(V)  and  Fe-oxide  (Y)  were  also  performed  for  five  repeated 
cycles  (not  shown).  The  hydrogen  formation  terminated  be¬ 
fore  the  temperature  reached  to  873  K  at  125  min  for  all  the 
cycles.  The  kinetic  curves  for  all  these  samples  showed  the 
highest  rates  of  FF  formation  at  >750  K. 

The  effects  of  alkaline  earth  elements  (Mg,  Ca)  on  the 
first  reoxidation  step  were  positive,  i.e.  the  rate  of  hydro¬ 
gen  formation  for  the  reduced  Fe-oxide  (Mg)  and  Fe-oxide 
(Ca)  was  markedly  enhanced  at  a  temperature  range  >670  K 
compared  to  Fe-oxide  (none).  However,  total  amounts  of 
hydrogen  produced  in  125  min  for  the  Fe-oxide  (Mg)  and 
Fe-oxide  (Ca)  decreased  with  repeated  cycles  similar  to  the 
results  for  Fe-oxide  (none)  in  Fig.  5. 

Fig.  7  shows  the  total  amount  of  hydrogen  formed  at  each 
cycle  until  125  min  time  on  stream  for  Fe-oxides  added  with 
Zr,  Sc,  Cr,  Ti,  V  and  Y.  Compared  to  the  results  of  Fe-oxide 
(none)  in  Fig.  5,  all  the  samples  in  Fig.  7  sustained  their 
reactivities  for  the  decomposition  of  H2O  at  least  for  five 
repeated  cycles.  Fe-oxide  (Zr),  Fe-oxide  (Sc)  and  Fe-oxide 
(Y)  are  also  promising  samples  for  the  use  in  Step  2. 


Relatively  large  difference  in  the  amounts  of  H2  produced 
per  gram  of  Fe  was  observed  among  the  samples  in  Fig.  7. 
This  could  be  ascribed  to  how  much  Fe3C>4  had  been  re¬ 
duced  to  Fe  in  the  preceding  Step  1.  The  additives  might 
retard  the  reduction  or  make  stable  compound  oxides  with 
Fe^CC.  The  study  on  these  possibilities  is  quite  important 
to  elucidate  the  positive  or  negative  effect  of  additives  on 
the  formation  of  H2  in  Step  2.  However,  since  our  main 
purpose  in  this  work  is  to  focus  on  the  promising  combi¬ 
nation  of  additives  that  enhance  the  formation  of  hydrogen 
at  low  temperature,  we  report  further  the  effects  of  other 
additives. 

3.2.2.  The  elements  exerting  negative  effect  on  Step  2 
(Mn,  Co,  Ni,  Cu,  Zn,  Ga,  Nb,  W  and  Re) 

The  effects  of  later  first  series  transition  metal  elements 
(Mn,  Co,  Ni,  Cu  and  Zn)  were  negative  on  the  acceleration 
of  reoxidation  of  the  reduced  samples.  The  results  of  the 
first  and  third  reoxidation  for  the  Fe-oxides  added  with  Mn, 
Co,  Ni,  Cu  and  Zn  are  indicated  in  Fig.  8(a)  and  (b).  The 
results  of  Fe-oxide  (none)  are  also  shown  for  comparison 
with  those  samples.  It  is  obvious  that  the  addition  of  these 
transition  metals  remarkably  deteriorated  the  redox  perfor¬ 
mances  of  Fe-oxides  from  the  first  cycle.  Severe  sintering 
of  fine  Fe-oxide  particles  after  the  reduction  with  hydrogen 
(Step  1),  which  was  confirmed  by  SEM  measurement  de¬ 
scribed  later,  must  be  ascribed  to  the  deteriorating  effect  of 
these  additives. 

The  similar  negative  effect  on  the  rate  of  reoxidation  was 
observed  for  Ga,  Nb,  W  and  Re  as  additives.  Our  previous 
paper  indicated  a  positive  effect  of  Ga  on  the  redox  perfor¬ 
mance  of  Fe-oxide  [4].  The  inconsistent  observation  in  this 
work  can  be  attributed  to  a  large  discrepancy  in  experimen¬ 
tal  temperatures  for  Step  1,  i.e.  603-623  K  in  the  previous 
work  and  823  K  in  this  work.  A  severe  sintering  of  Fe-oxide 
(Ga)  could  not  be  avoided  probably  due  to  the  formation 
of  solid  solution  or  mixed  crystals  under  the  experimental 
conditions  in  the  present  work. 

3.2.3.  Effect  of  noble  metal  elements 
(Ru,  Rh,  Pd,  Ag,  Ir,  Pt) 

The  noble  metal  elements  such  as  Rh,  Pd  and  Pt  are  re¬ 
sistant  to  be  oxidized  into  their  oxides  in  Step  2.  More¬ 
over,  the  compound  oxides  between  these  noble  metals  and 
Fe  are  not  formed  in  general.  Therefore,  it  is  expected  that 
the  noble  metals  present  on  the  surface  of  the  particles  of 
Fe304/Fe  would  activate  H2O  molecules  into  H  and  OH 
or  2H  +  O.  These  effects  must  enhance  the  rate  of  re¬ 
oxidation  of  the  reduced  Fe-oxide  to  a  greater  or  lesser 
extent. 

The  kinetic  curves  of  the  formation  rate  of  hydrogen  at  the 
first  and  third  reoxidation  for  the  Fe-oxides  with  the  noble 
metals  are  indicated  in  Fig.  9(a)  and  (b),  respectively.  The 
addition  of  Rh  or  Ir  enhanced  the  rate  of  H2O  decomposition 
remarkably  at  lower  temperatures  (<573  K).  The  enhancing 
effect  of  noble  metals  observed  was  in  order  of  Rh  >  Ir  > 


K.  Otsuka  et  al./ Journal  of  Power  Sources  122  (2003)  111-121 


117 


Fig.  6.  Reoxidation  performance  of  the  Fe-oxide  samples  with  Zr,  Sc  and  Cr:  Formation  rate  of  Flo  in  Step  2  vs.  temperature  for  five  repeated  experiments, 
(a),  Fe-oxide  (Zr);  (b),  Fe-oxide  (Sc);  (c),  Fe-oxide  (Cr).  Repeated  cycles:  (•)  first;  (O)  second;  (□)  third;  (H)  fourth;  (A)  fifth. 


Ag  >  Pd  >  Ru  at  the  first  reoxidation  step.  Pt  did  not  show 
any  enhancing  effect. 

The  reoxidation  of  the  reduced  Fe-oxide  (Rh)  was  ini¬ 
tiated  at  473  K  and  showed  a  sharp  peak  of  hydrogen 
formation  rate  at  ca.  610  K  (Fig.  9(a)).  However,  the  maxi¬ 
mum  rate  as  well  as  the  total  amount  of  hydrogen  produced 
in  125  min  dropped  sharply  with  repeated  redox  cycles 
(Fig.  9(b)).  The  resemble  results  were  also  observed  for  the 
Fe-oxide  with  Ir,  Ru,  Ag,  Pd  or  Pt,  suggesting  that  the  no¬ 
ble  metals  cannot  suppress  the  sintering  of  the  host  iron  or 
iron  oxide. 

3. 2. 3.1.  Cooperative  effect  of  Rh  and  Mo.  The  reoxi¬ 
dation  performance  of  the  reduced  Fe-oxide  (Mo)  with 
repeated  cycles  was  relatively  most  reproducible  compared 
to  other  samples  (Figs.  4—9).  On  the  other  hand,  the  addi¬ 
tion  of  Rh  enhanced  the  reoxidation  rate  most  notably  at 
low  temperatures  (<700K)  at  the  first  cycle  (Fig.  9(a)),  but 


cannot  protect  the  sintering  of  the  host  iron  or  iron  oxide 
caused  by  repeated  cycles.  We  speculated  that  the  stability 
of  Fe-oxide  (Mo)  might  be  ascribed  to  the  resistance  against 
the  sintering  by  repeated  redox  cycles  and  the  favorable 
effect  of  Rh  be  caused  by  the  activation  of  H2O  molecules 
on  the  surface.  Therefore,  it  is  expected  that  the  addition  of 
both  components  may  sustain  the  rate  of  reoxidation  high 
at  lower  temperatures  (<700 K). 

The  results  under  standard  experimental  conditions  for 
the  reduced  Fe-oxide  (Rh,  Mo)  are  indicated  in  Fig.  10(a) 
and  (b)  for  first  and  fifth  reoxidation,  respectively.  The  mo¬ 
lar  ratio  of  the  elements  was  Rh:Mo:Fe  =  3:3:94.  For  com¬ 
parison,  the  results  of  Fe-oxide  (Mo),  Fe-oxide  (Rh)  and 
Fe-oxide  (none)  are  also  shown  in  Fig.  10(a)  and  (b).  If  one 
compares  the  kinetic  curve  of  Fe-oxide  (Rh,  Mo)  with  those 
of  Fe-oxide  (Rh)  or  Fe-oxide  (Mo)  in  Fig.  10(a),  it  is  obvi¬ 
ous  that  hydrogen  formation  by  Fe-oxide  (Rh,  Mo)  started 
at  a  low  temperature  (ca.  420  K),  and  the  total  amount  of 
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Fig.  7.  Total  amount  of  H2  produced  in  Step  2  at  each  reaction  cycle 
for  the  Fe-oxides  added  with  Zr.  Sc,  Cr,  Ti.  V  and  Y.  Samples:  (O) 
Fe-oxide  (Zr);  (A)  Fe-oxide  (Sc);  (□)  Fe-oxide  (Cr);  (A)  Fe-oxide  (Ti); 
(■)  Fe-oxide  (V);  (x)  Fe-oxide  (Y). 


Fig.  9.  Reoxidation  performance  of  the  Fe-oxides  added  with  noble  metal 
elements:  Formation  rate  of  Fb  in  Step  2  vs.  temperature  for  the  first  and 
third  reoxidation:  (•)  Fe-oxide  (none);  (O)  Fe-oxide  (Ru);  (■)  Fe-oxide 
(Rh);  (□)  Fe-oxide  (Pd);  (A)  Fe-oxide  (Ag);  (A)  Fe-oxide  (Ir);  (O) 
Fe-oxide  (Pt). 


Temperature  /  K 

Fig.  8.  Reoxidation  performance  of  the  Fe-oxides  added  with  Mn,  Co, 
Ni,  Cu  and  Zn:  Formation  rate  of  1  h  in  Step  2  vs.  temperature  for  the 
first  and  third  reoxidation:  (•)  Fe-oxide  (none);  (O)  Fe-oxide  (Mn);  (H) 
Fe-oxide  (Co);  (□)  Fe-oxide  (Ni);  (A)  Fe-oxide  (Cu);  (A)  Fe-oxide  (Zn). 


hydrogen  formed  was  greater  than  those  of  Fe-oxide  (Mo) 
or  Fe-oxide  (Rh).  These  observations  suggest  a  cooperative 
action  of  Rh  and  Mo. 

The  results  at  fifth  oxidation  step  for  Fe-oxide  (Rh,  Mo) 
in  Fig.  10(b)  also  indicate  the  acceleration  of  the  hydrogen 
formation  at  low  temperatures  (<600  K)  compared  to  those 
for  Fe-oxide  (Mo)  or  Fe-oxide  (Rh).  The  temperature  at  the 
maximum  rate  was  lower  by  250  K  than  that  for  Fe-oxide 
(none).  The  temperature  giving  the  same  formation  rate  of 
hydrogen  was  about  30  K  lower  for  Fe-oxide  (Rh,  Mo)  com¬ 
pared  to  Fe-oxide  (Mo).  The  dramatic  decrease  in  the  hy¬ 
drogen  formation  for  Fe-oxide  (Rh)  with  cycles  was  avoided 
by  co-addition  of  Mo.  The  cooperative  action  of  the  two  el¬ 
ements  was  also  confirmed  at  fifth  reoxidation  step. 

3.23.2.  Reoxidation  at  low  temperatures  ( <573  K).  The 
final  temperatures  in  the  experiments  of  Steps  1  and  2  de¬ 
scribed  so  far  were  823  and  873  K,  respectively.  One  of 
the  main  purposes  in  this  work  is  to  enhance  the  redox 
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Fig.  10.  Cooperative  effect  of  Rh  and  Mo  on  the  decomposition  of  water: 
Formation  rate  of  FIs  vs.  temperature  for  the  first  and  fifth  reoxidation:  (•) 
Fe-oxide  (none);  (O)  Fe-oxide  (Mo);  (□)  Fe-oxide  (Rh);  (H)  Fe-oxide 
(Rh,  Mo). 

performance  of  Fe-oxide  at  lower  temperatures.  Especially, 
the  production  of  hydrogen  (Step  2)  at  low  temperatures 
<573  K  is  required  for  PEFC  on  vehicles  or  at  homes.  More¬ 
over,  the  reoxidation  performance  of  the  reduced  samples 
described  so  far  was  not  observed  at  a  fixed  temperature  be¬ 
low  873  K  because  the  temperature  was  linearly  increased 
with  time.  Therefore,  the  experiments  described  hereafter 
were  performed  at  a  fixed  temperature  both  for  Steps  1  and  2. 
The  reduction  of  Fe-oxide  samples  (Step  1)  with  or  without 
foreign  metal  additives  was  performed  at  723  K  for  210  min 
in  a  flow  of  gas  mixture  of  FE  and  Ar  (50:50,  101  kPa,  flow 
rate  100ml  (STP)  min-1).  The  reoxidation  of  the  reduced 
samples  was  performed  at  a  fixed  temperature  (in  the  range 
of  423-573  K)  until  no  hydrogen  formation  was  observed. 

The  hydrogen  formation  (Step  2)  for  the  reduced  Fe-oxide 
samples  without  Rh  addition  was  very  slow  at  <473  K. 
Among  the  Fe-oxides  co-added  with  Rh  and  other  metal  el¬ 
ements,  Fe-oxide  (Rh,  Zr),  Fe-oxide  (Rh,  Al),  Fe-oxide  (Rh, 
Ga)  and  Fe-oxide  (Rh,  Mo)  were  active  in  the  formation  of 
hydrogen  at  473  K. 


Fig.  11.  The  amount  of  ft?  produced  at  a  fixed  temperature  for  the 
Fe-oxides  coadded  with  Rh  and  Zr.  Mo,  Al  or  Ga:  (H)  Fe-oxide  (Rh, 
Mo);  (O)  Fe-oxide  (Rh,  Zr);  (O)  Fe-oxide  (Rh,  Al);  (•)  Fe-oxide  (Rh, 
Ga). 

The  amounts  of  hydrogen  produced  at  a  fixed  temperature 
in  Step  2  for  Fe-oxide  (Rh,  Zr),  Fe-oxide  (Rh,  Mo),  Fe-oxide 
(Rh,  Al)  and  Fe-oxide  (Rh,  Ga)  are  indicated  in  Fig.  1 1 .  The 
experiments  were  performed  by  raising  temperature  from 
373  K  to  the  desired  temperature  with  a  rate  of  lOKmin-1. 
After  reached  to  the  desired  temperature,  the  formation  of 
hydrogen  was  measured  until  the  reaction  became  no  longer 
observable  in  300  min  at  the  fixed  reaction  temperature.  As 
can  be  seen  in  Fig.  11,  the  amount  of  the  formed  hydrogen 
dropped  markedly  at  <473  K.  However,  it  is  to  be  noted  that 
the  decomposition  of  water  occurs  at  473  K  when  Fe-oxide 
had  been  co-added  with  Rh  and  Zr,  Mo,  Al  or  Ga. 

3.3.  Role  of  additives  in  Fe-oxide  (Rh,  Mo) 

The  addition  of  Al,  Cr  and  Zr  (3  mol%)  to  Fe-oxide  sup¬ 
pressed  the  sintering  of  the  host  oxide  |1].  Consequently, 
the  decrease  in  the  surface  area  of  the  Fe-oxide  by  repeated 
cycles  of  Steps  1  and  2  was  mitigated  by  these  additives  [1], 
The  BET  surface  area  of  Fe-oxide  (none)  after  three  redox 
cycles  (Step  1  at  843  K,  Step  2  at  573  K)  decreased  from 
19.9  to  2.0  m2  g  ,  but  Fe-oxide  (Mo,  3  mol%)  preserved  a 
high  surface  area  of  14.9  m2  g-1  after  three  cycles. 

Fig.  12  indicates  the  SEM  images  of  the  Fe-oxide  sam¬ 
ples  without  and  with  Rh  (5  mol%)  and/or  Mo  (5  mol%)  af¬ 
ter  five  redox  cycles  (for  Fe-oxide  (Rh),  after  three  cycles) 
under  standard  redox  conditions  (Step  1  at  823  K,  Step  2  at 
873  K).  The  images  for  Fe-oxide  (none)  and  Fe-oxide  (Rh) 
indicate  a  notable  sintering  of  Fe-oxide  compared  to  those 
for  iron  oxide  (Mo)  and  Fe-oxide  (Rh,  Mo).  These  observa¬ 
tions  suggest  that  the  addition  of  Mo  mitigates  the  coagula¬ 
tion  of  iron  oxide  particles. 

Fig.  13  indicates  the  XRD  spectra  for  Fe-oxide  (Mo)  af¬ 
ter  first  and  fifth  reoxidation  as  well  as  for  Fe-oxide  (none) 
after  fifth  reoxidation.  The  spectrum  for  a  Fe304  obtained 
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Fig.  12.  SEM  images  of  (a)  Fe-oxide  (none)  after  fifth  reoxidation,  (b)  Fe-oxide  (Rh)  after  third  reoxidation,  (c)  Fe-oxide  (Mo)  after  fifth  reoxidation, 
and  (d)  Fe-oxide  (Rh,  Mo)  after  fifth  reoxidation. 


from  Wako  Pure  Chem.  Co.  is  also  indicated  as  a  reference 
in  Fig.  13.  The  content  of  Mo  in  the  Fe-oxide  (Mo)  sample 
was  increased  to  5  or  10  mol%  in  order  to  check  the  presence 
of  an  isolated  molybdenum  oxide  phase  such  as  M0O3  and 
M0O2.  The  redox  of  the  Fe-oxide  (none)  and  Fe-oxide  (Mo) 
had  been  repeated  under  standard  reaction  conditions  (Step  1 
at  823  K,  Step  2  at  873  K).  All  the  spectra  in  Fig.  13  gave  only 
the  diffraction  peaks  due  to  magnetite  (Fe3C>4).  The  diffrac¬ 
tion  peak  due  to  Rh  metal  was  observed  for  the  sample  added 
with  Rh.  For  the  Fe-oxide  (none)  after  fifth  reoxidation,  the 
peak  due  to  the  unreacted  Fe  metal  was  observed,  indicating 
that  the  complete  reoxidation  was  not  possible.  The  spec¬ 
trum  for  Fe-oxide  (Mo  10mol%)  did  not  show  any  peaks 
ascribed  to  molybdenum  oxide  phases.  These  observations 
suggest  that  the  added  Mo  cations  would  have  been  taken 
into  the  host  Fe-oxide,  generating  a  Mo-Fe  compound  oxide, 


ferrite,  at  the  final  stage  of  Step  2.  The  ferrite  gives  the  same 
diffraction  patterns  as  those  of  Fe3C>4.  The  formation  of  the 
ferrite  might  prevent  the  host  Fe-oxide  particles  from  severe 
sintering. 

X-ray  absorption  near  edge  structure  (XANES)  and  ex¬ 
tended  X-ray  absorption  fine  structure  (EXAFS)  studies  on 
the  Fe-oxide  (Mo  5mol%)  samples  after  reduction  (Step  1) 
and  reoxidation  (Step  2)  also  suggested  the  formation  of 
the  ferrite  (MoAFe3_A04)  [5],  The  valence  state  of  molyb¬ 
denum  changed  from  Mo(IV)  to  Mo(III)  in  the  reduction 
(Step  1)  and  Mo(III)  to  Mo(IV)  in  the  reoxidation  (Step  2). 
We  speculate  that  the  redox  between  Mo(III)  and  Mo(IV) 
might  enhance  the  redox  between  Fe3C>4  and  Fe.  Detailed 
studies  on  the  state  of  molybdenum  by  XANES  and  EX¬ 
AFS  spectroscopies  will  be  reported  in  the  near  future 

[5]. 
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Fig.  13.  XRD  spectra  of  the  Fe-oxides  without  and  with  Mo  and/or  Rh. 
(a)  Fe304  (Wako  Pure  Chem.  Co.)  as  reference;  (b)  Fe-oxide  (none) 
after  five  cycles;  (c)  Fe-oxide  (Mo  5  mol%)  after  one  cycle;  (d)  Fe-oxide 
(Mo  5mol%)  after  five  cycles;  (e)  Fe-oxide  (Mo  10mol%)  after  one 
cycle  (intensity  0.5  times);  (f)  Fe-oxide  (Rh  5mol%)  after  five  cycles 
(intensity  four  times);  (g)  Fe-oxide  (Rh  5  mol%,  Mo  5  mol%)  after  one 
cycle  (intensity  four  times);  and  (h)  Fe-oxide  (Rh  5mol%,  Mo  5mol%) 
after  five  cycles  (intensity  four  times). 


The  XRD  spectrum  for  the  Fe-oxide  (none)  after  reduc¬ 
tion  (Step  1)  indicated  only  the  formation  of  a-Fe.  The  re¬ 
oxidation  (Step  2)  at  the  first  cycle  gave  only  the  spectrum 
due  to  Fe^dp  The  measurements  of  XRD  spectra  after  the 
reduction  for  the  samples  added  with  Mo,  Zr,  Al,  Ga  and  Cr 
were  not  successful  because  the  samples  had  been  oxidized 
quickly  in  air  at  room  temperature. 

The  XRD  spectra  for  Fe-oxide  (Rh  5  mol%,  Mo  5  mol%) 
after  first  and  fifth  reoxidation  indicated  very  resemble 
diffraction  patterns  to  those  of  Fe-oxide  (Mo)  in  Fig.  13 
except  for  the  peak  due  to  Rh  metal  in  the  former  case, 
suggesting  that  Rh  would  not  influence  the  structure  of 
Fe-oxide  (Mo).  The  Rh  metal  on  the  surface  of  MoxFe3_A04 
must  catalyze  the  dissociation  of  F^O  in  Step  2,  accelerat¬ 
ing  the  reoxidation  of  bulk  Fe  metal  into  Fe3C>4  at  a  low 
temperature,  473  K. 
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